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can be crossed to each other in the laboratory, providing a valuable resource to investigate the genetic basis of the underlying pollination syndromes.
Using a collection of P. axillaris accessions, Sheehan et al. 2 first demonstrated that hawkmoths prefer to feed from flowers that absorb UV light. In Petunia, a group of flavonoids known as flavonols is largely responsible for differences in UV absorption: corollas with high flavonol content absorb and appear dark under UV light, whereas those that lack flavonols reflect and are light-colored under UV light (Fig. 1a) . Taking advantage of the contrasting UV absorbance characteristics of P. axillaris and P. exserta, the authors carried out a quantitative trait locus (QTL) study that identified a locus that was largely responsible for the phenotypic difference. This locus corresponded to FLS, encoding the flavonol synthase enzyme that catalyzes the formation of flavonols from dihydroflavonols, which are also precursors for the formation of the red, purple and blue anthocyanin pigments 4 . The authors found that UV absorbance was inversely correlated with absorbance of visible light, suggesting a tradeoff between these two pollinator cues.
One path, multiple outcomes
By analyzing FLS mRNA levels in the three parental species and in the P. exserta × P. axillaris introgression line IL2-1, Sheehan et al. 2 concluded that the difference in flavonol levels between the lines was not the result of a mutation in FLS itself but of a mutation in a linked factor that controls FLS expression. Thus, they embarked on an elegant mutagenesis screen to identify the regulator. The screen resulted in the identification of a gene closely linked to FLS encoding MYB-FL, with high sequence identity to the Arabidopsis thaliana flavonol regulator AtMYB111 (ref. 8) . Consistent with the UV-reflective phenotype, the P. exserta MYB-FL allele is expressed but has a 1-bp deletion that renders the gene inactive (Fig. 1b) . Sheehan et al. 2 then investigated the MYB-FL gene in P. inflata to find that, although the gene product is probably functional, the level of expression was much lower than in P. axillaris, likely as the result of a mutation in the regulatory region of the gene. An analysis of the MYB-FL upstream region across the three species identified a 977-bp insertion present in P. axillaris and P. exserta but absent in P. inflata (Fig. 1b) that confirmed this hypothesis.
The study by Sheehan et al. proposes a relatively simple model to explain how flavonol accumulation influenced pollinator selection and, therefore, speciation. Presumably, the ancestors of the Petunia genus were bee pollinated and expressed MYB-FL at low levels, consistent with flavonols being important for a number of other functions, including pollen fertility 9, 10 . The insertion in the MYB-FL gene regulatory region resulted in enhanced expression and flavonol accumulation. The flavonols successfully competed with anthocyanin pigments for pathway precursors, resulting in white, UV-absorbing hawkmoth-pollinated P. axillaris flowers. After that, a 1-bp deletion in P. exserta inactivated MYB-FL function (Fig. 1b) , resulting in the loss of flavonols, a change in color and a switch to hummingbird pollination.
The study elegantly demonstrates an evolutionary sequence to explain flavonol accumulation in the context of pollinator selection and proposes a role for MYB-FL as another R2R3-MYB gene with a role in speciation, but significant questions remain. 
The emergence of a new pathogen
How do new pathogen species emerge and how do new host specificities evolve? Genome-based studies have demonstrated that plant pathogens have the potential to diversify and evolve new virulence-related traits via extreme levels of genome plasticity and gene or chromosome transfers [1] [2] [3] . New population genomic studies demonstrate how hybridization also can provide an important mechanism for the emergence of new plant pathogens and novel host specificities over a very short period of time 4 .
In a study published in this issue, Fabrizio Menardo and colleagues investigated the evolutionary origin of a new pathogen of the cereal crop triticale 4 . Triticale was created in the 1960s by a cross between wheat and rye. Powdery mildew caused by the fungus Blumeria graminis emerged as a major disease of this young crop starting in 2001. Other cereal crops, including wheat npg volume 48 | number 2 |February 2016 | nature genetics are transient but act as a genetic bridge for the transfer of adaptive traits between parental species 8, 9 . In other cases, the hybrid evolves as a reproductively isolated lineage 10 . For example, the fungal pathogen Zymoseptoria pseudotritici emerged from a single sexual cross between two parental individuals 10 . Z. pseudotritici is a pathogen of wild grasses but is a close relative of the prominent wheat pathogen Zymoseptoria tritici.
Plant fungal pathogens produce billions of spores, and the coincidental encounter of non-conspecific individuals must occur continuously. It is intriguing that both B.g. triticale and Z. pseudotritici emerged from very few or only one hybridization event. Genomic incompatibilities might hinder the viability of hybrid genotypes. Ecological factors as well as competition with parental species when sharing the same environment may also result in lower fitness for the new hybrid species. As a result, only relatively few unique interspecific combinations at the right time and space can be successful 11 . As shown by Menardo et al. 4 , agroecosystems can be highly conducive for the establishment and spread of such rare but successful hybrid genotypes. The geographic spread of B.g. triticale across thousands of kilometers was likely facilitated by the monoculture of triticale. Not only do agroecosystems provide host population on a vast scale, but the genetic and environmental uniformity of these monocultures is also highly conducive for the propagation of fit pathogen genotypes 12 . Agricultural trade also brings species together that have not previously coexisted, enabling hybridization. Reproductive barriers between such allopatric species are likely to be more permissive to allow mating between non-conspecific individuals. Thus, human-mediated mixing of allopatric pathogen species increases the chances of hybridization and facilitates the emergence of new host specificities and virulence phenotypes 13 . In conclusion, it is important to recognize that hybridization provides an effective mechanism to enable the rapid emergence of new plant diseases. As elegantly demonstrated in the study of B.g. triticale 4 , population genomics provides a powerful approach to recognize signatures of hybridization in pathogen genomes and to unravel the origin of plant pathogens infecting agricultural crops.
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The author declares no competing financial interests. was generated by seven to 47 recombination events since the initial hybridization. Taking into account the fact that B. graminis undergoes one sexual cycle per year, this new triticale pathogen must have originated during the last 50 years.
Key determinants of virulence and host specificity in plant pathogens are so-called effector proteins. Effectors are secreted proteins that interfere with plant defenses and metabolism 5 . Genes encoding effector proteins can, among other traits, be predicted by the presence of a sequence encoding a signal peptide that targets the protein for secretion 6 . The genomes of all analyzed B.g. triticale isolates contain a common set of six putative effector genes inherited from B.g. secalis. Menardo et al. 4 hypothesize that these represent key genetic determinants for the expanded host range of B.g. triticale. However, none of the six genes show different expression patterns during infection of wheat and triticale, suggesting that virulence on triticale is determined by additional factors in the hybrid.
Agriculture and hybrid pathogens
The emergence and spread of B.g. triticale over the last 10-20 years provides a striking example of how quickly host-specific lineages of plant pathogens-and, ultimately, new species-can evolve. Hybridization provides a practically instantaneous mechanism for recombining the adaptive traits of two species and generating novel phenotypes. Several examples of plant pathogens that originated through interspecific crosses and then invaded new host species have been reported (see the review in ref. 7) . In some cases, the hybrids and rye, are also infected by B. graminis ( Fig. 1) but by different host-specific lineages of B. graminis termed formae speciales. Population genomic analyses showed that the triticale-infecting lineage, B. graminis f. sp. triticale, forms a unique group clearly distinct from the pathogens of wheat and rye, B. graminis f. sp. tritici and B. graminis f. sp. secalis, respectively. However, the B.g. triticale genome contains blocks of fixed polymorphisms shared with either B.g. tritici or B.g. secalis. The only plausible explanation for the mosaic genome structure in B.g. triticale is a recent hybridization between B.g. tritici and B.g secalis giving rise to a new pathogen of triticale. The new hybrid mildew pathogen inherited the necessary combination of virulence traits from the wheat-and rye-infecting parental species to allow infection of the triticale hybrid host.
Because rye and wheat are cultivated together throughout Europe, hybridization of mildew pathogens infecting the two crops may have occurred several times. However, the genomic patterns in B.g. triticale suggest that the new hybrid was formed from very few interspecific crosses of B.g. tritici and B.g. secalis followed by two backcrosses with B.g. tritici.
Triticale is a young host, and mildew has been recognized as a disease of this crop only since 2001, which implies that the emergence of the B.g. triticale hybrid occurred very recently. However, the hybrid may have existed for a longer time and only recently infected triticale. By dissecting the frequency of alternating B.g. tritici and B.g. secalis haplotypes in the hybrid genome, Menardo et al. calculated that the mosaic genome of B.g. triticale Figure 1 Colony from a single spore of the mildew pathogen Blumeria graminis f. sp. tritici two days after infection of a wheat leaf. The fungal spore and hyphae on the leaf surface are stained in blue. Below the leaf surface, the fungus forms a so-called haustorium (not stained), a feeding structure by which the fungus obtains nutrients from the infected plant cell. Photograph by Marion Müller.
npg Figure 1 Legionella life cycle. Most Legionella species infect amoeba hosts and are able to survive in the environment in biofilms. The same effector proteins used to infect amoebas are used by some Legionella species to colonize and replicate inside human lung macrophages. Note that direct or indirect human-tohuman transmission has not been proven. T4SS, type IV secretion system. Legionellosis, a respiratory disease caused by the bacteria Legionella pneumophila, is a clear example of an emergent infection linked to human lifestyles. The disease was first diagnosed in 1976 after causing pneumonialike symptoms (referred to as Legionnaire's disease) in the attendees of a convention in Philadelphia. Legionellosis is a by-product of human-made environments, as the bacteria normally uses aerosols, such as those produced by air conditioners, to infect humans 1 . Although pathogens are often superb at causing human infection and mediating disease transmission, L. pneumophila is not one of these pathogens. For Legionella, the human host is a dead end, and yet Legionella has a wide variety of proteins, called effectors, that can be used to highjack human cell functions and establish infection (Fig. 1) . This pathogen is a useful model organism for understanding the evolution of bacterial pathogens for several reasons. It is closely related to other pathogens-such as Coxiella burnetii, the causative agent of Q fever-and, at the same time, its recent and past evolutionary history has been shaped by horizontal gene transfer and recombination processes that are known to expand the ecological niches of bacteria 2, 3 . Finally, it represents one of the most complex cases of crosstalk between a pathogen and human cells and can therefore serve as a model to understand the regulation of eukaryotic cell biology 4 . On page 167 of this issue, Gil Segal and colleagues 5 look at the effector proteins involved in Legionella-host interactions in the genomes of 41 Legionella species. The results highlight the wide variety of ways in which Legionella species can interact with their hosts, with these mechanisms having helped some of them to become opportunistic human pathogens.
Effector biology
Effectors are proteins translocated by the Legionella secretion system into eukaryotic cells. Most of these effectors also have eukaryotic-like domains, suggesting horizontal gene transfer from amoebas, which are the natural hosts of Legionella 6 . Effectors have evolved in the Legionella genus as a way to highjack amoeba cell functions 7 , but Legionella species infect a wide variety of amoeba hosts and can also be found as freeliving bacteria in water or biofilms. Hence, it is not surprising that previous reports have already identified important differences in the effector repertoires of different Legionella species 8 . The closely related species C. burnetii also encodes many effector proteins 9 . In their study, Burstein et al. 5 carried out de novo sequencing of the genomes of 38 species of Legionella and applied a machine learning approach to identify effectors in the newly sequenced genomes and three previously sequenced genomes. They identify a surprisingly large repertoire of effector proteins across the Legionella genus, suggesting that each species uses different means to establish a biological npg
